Periodontitis is a polymicrobial infectious disease that leads to inflammation of the gingiva, resulting in teeth loss by various causes such as inflammation-mediated bone resorption. Recently, many investigators have reported that the periodontitis resulting from persistent low-grade infection of Gram-negative bacteria such as Porphyromonas gingivalis (Pg) is associated with increased atherosclerosis, diabetes mellitus, and other systemic diseases through blood stream. On the other hand, carotenoids belong among phytochemicals that are responsible for different colors of the foods. It is important to examine whether carotenoids are effective to the inhibition of periodontal infection/inflammation cascades. This review summarizes the advanced state of knowledge about suppression of periodontal infection by several carotenoids. A series of findings suggest that carotenoids intake may provide novel strategy for periodontitis treatment, although further study will be needed.
Introduction
Periodontitis is a chronic inflammatory disease affecting the supporting tissues of teeth [1] . The disease is caused by infection of specific microorganisms such as Porphyromonas gingivalis (Pg), which causes progressive destruction of the alveolar bone. More than 500 individual species of microbes have been identified in the human mouth [2] , and the infection with periodontal bacteria causes humoral immunological/inflammatory responses [3] . Furthermore, periodontal inflammation induced by the bacterial infection exacerbates alveolar bone resorption. Since bone homeostasis is regulated by a balance of osteoblastic bone formation and osteoclastic bone resorption, the functional imbalance between osteoblasts and osteoclasts leads to the progression of periodontitis [1] .
Recently, many reports showed that persistent low-grade infection of Pg in periodontitis lesions is associated with increased atherosclerosis, diabetes mellitus, and other systemic diseases disseminated through the blood stream [4, 5] . Therefore, control of periodontal infection is not only important for oral health, it may also contribute to improve overall health. Clinically, the infection control by the adjunctive use of systemic or local antibiotics provide additional benefits in the treatment of periodontitis. However, dentists must consider the increase of risk of complications associated with antibiotics abuse, particularly those related to antimicrobial resistance. The use of natural antioxidant substances on treatment of this high prevalence disease instead of antibiotics may be effective.
Carotenoids belong among the phytochemicals that are responsible for different colors of foods [6] . It is well known that these natural diet components are widely found in many fruits and vegetables, and exert a rich variety of physiological benefits and are beneficial for human health. This review summarizes the advanced knowledges about suppression of periodontal infection by carotenoids and the possibility of clinical use will be discussed.
Pathogenesis of Periodontitis
Periodontitis is a bacterial infectious disease, and inflammation cascades in the periodontal lesions regulate the disease pathogenesis [7, 8] . Roles of inflammatory cytokines such as interleukin (IL)-1β and IL-6 in periodontitis have been explored by targeting fibroblasts, epithelial cells and macrophages [9, 10] . Both IL-1β and IL-6 cause tissue destruction by inducing the production of matrix-metalloproteinase-1 (MMP-1) in inflamed periodontal tissues [11] . MMP-1 is released into the inflamed tissues, and destroys the connective tissues by degrading collagen directly or by activating the fibrinolytic protease cascades because type I collagen is accumulated mainly in periodontal tissues [11, 12] . Imbalance of MMPs and the inhibitors such as tissue inhibitors of MMPs (TIMPs) induces pathological degradation of the collagens fiber in inflamed periodontal tissues [13] .
Human gingival fibroblast (HGF) is an important abundant cell in periodontal tissues [14] . Although the remodeling of periodontal connective tissues is main role of HGFs, HGFs also regulates the inflammation cascades in periodontitis lesions [15, 16] . In addition, Holden et al., reported that resident macrophages produce tumor necrosis factor-α (TNF-α) and IL-10 in response to the subgingival microorganisms such as fimbria and lipopolysaccharide (LPS) [17] . Thus, macrophages have been involved in the inflammatory responses of periodontitis [18] . Cytokine balance regulated by a crosstalk between tissue cells and immune cells plays important roles in the stability and progression of the disease (Figure 1 ).
Figure 1. Crosstalk of HGFs and inflammatory cells: Potential biological mechanisms of periodontitis.
In inflamed periodontal tissues, IL-1 induces sIL-6R production in infiltrated inflammatory cells such as M. Furthermore, IL-1 induces production of IL-6 in HGFs. Finally, IL-6/sIL-6R complexes induce MMP-1, cathepsins, bFGF and VEGF production in HGFs, resulting in progression of periodontitis.
Proteases and Periodontitis
Many proteases induce the degradation of extracellular matrix in periodontitis lesions, and the proteases contain MMPs and cysteine proteases, i.e., cathepsin B and L [19] . As described above, MMP-1 is released into inflamed periodontal tissues, and may be involved in the destruction of collagen fibers. Sawada et al., reported that MMP-1 production increased significantly in HGFs treated with IL-1β and IL-6/sIL-6R [11] . On the other hand, cathepsin B and L are involved in both intracellular proteolysis and extracellular matrix degradation so that the proteases induce gingival tissue destruction [20] . In addition, although cathepsin B degrades collagen fibers directly, the cathepsin B also contributes to collagen degradation indirectly through activation of MMP-1 [19] . Previously, it has been shown that levels of cathepsin B and L increase in the gingival crevicular fluids (GCFs) of patients with periodontitis [21] . We reported previously that IL-6/sIL-6R induced significantly cathepsin B and cathepsin L secretion in HGFs [22] . Therefore, the proteases such as MMP-1, cathepsin B and L released from HGFs treated with both IL-1β and IL-6/sIL-6R might act cooperatively in degradation of periodontal tissues. In general, although MMPs work at neutral pH, the local area in inflamed lesion has an acidic pH at attachment sites of macrophages and osteoclasts [23] . Since chronic periodontitis is one of local inflammatory diseases with bone resorption, local In inflamed periodontal tissues, IL-1 induces sIL-6R production in infiltrated inflammatory cells such as M. Furthermore, IL-1 induces production of IL-6 in HGFs. Finally, IL-6/sIL-6R complexes induce MMP-1, cathepsins, bFGF and VEGF production in HGFs, resulting in progression of periodontitis.
Many proteases induce the degradation of extracellular matrix in periodontitis lesions, and the proteases contain MMPs and cysteine proteases, i.e., cathepsin B and L [19] . As described above, MMP-1 is released into inflamed periodontal tissues, and may be involved in the destruction of collagen fibers. Sawada et al., reported that MMP-1 production increased significantly in HGFs treated with IL-1β and IL-6/sIL-6R [11] . On the other hand, cathepsin B and L are involved in both intracellular proteolysis and extracellular matrix degradation so that the proteases induce gingival tissue destruction [20] . In addition, although cathepsin B degrades collagen fibers directly, the cathepsin B also contributes to collagen degradation indirectly through activation of MMP-1 [19] . Previously, it has been shown that levels of cathepsin B and L increase in the gingival crevicular fluids (GCFs) of patients with periodontitis [21] . We reported previously that IL-6/sIL-6R induced significantly cathepsin B and cathepsin L secretion in HGFs [22] . Therefore, the proteases such as MMP-1, cathepsin B and L released from HGFs treated with both IL-1β and IL-6/sIL-6R might act cooperatively in degradation of periodontal tissues. In general, although MMPs work at neutral pH, the local area in inflamed lesion has an acidic pH at attachment sites of macrophages and osteoclasts [23] . Since chronic periodontitis is one of local inflammatory diseases with bone resorption, local acidic conditions may be emphasized the action of cathepsins rather than MMPs in periodontitis lesions.
Chemokines and Periodontitis
Chemokines such as IL-8 and MCP-1 are chemoattractant factors for polymorphonuclear leucocytes (PMNLs), and have an important role in the pathogenesis of periodontitis [24, 25] . PMNLs play a role in the first defense against microbial invasion in the body. It is well known that the PMNLs such as neutrophils help in controlling the microbial invasion by several intracellular and extracellular oxidative killing mechanisms, i.e., formation of reactive oxygen species (ROS) [25] . It has been reported that GCF levels of both IL-8 and MCP-1 is significantly higher in patients with periodontitis than in periodontally healthy controls. We showed previously that IL-1β and IL-6/sIL-6R induced MCP-1 production from HGFs synergistically [11] . Furthermore, IL-1β induced IL-8 production in HGFs, although IL-6/sIL-6R did not induce the IL-8 production. Although specific roles of IL-8 and MCP-1 are still unknown pathologically, the onset of periodontitis may be regulated directly by these chemokines.
Growth Factors and Periodontitis
Angiogenesis, an important process of new blood vessel formation, induces the progression of periodontitis [26] . Although several angiogenic factors have been known, VEGF is the most powerful inducer of angiogenesis [27] . Our previous reports have shown that IL-1β and IL-6/sIL-6R induced the production of VEGF from HGFs [11, 16] . Increased VEGF from HGFs would be a key inducer in the severity of periodontitis. On the other hand, it has been reported that cathepsin B in vasculature increased dramatically during the degradation of vascular basement membrane in tumor-mediated angiogenesis [28] . Furthermore, Yanamandra et al., reported that knockdown of cathepsin B gene in glioma cells suppressed significantly the tumor-mediated angiogenesis by inhibition of VEGF production [29] . Therefore, VEGF and cathepsin B secreted by HGFs should induce the angiogenic cascades in periodontitis lesions cooperatively by affecting angiogenesis-associated cells such as endothelial cells. In addition, basic FGF (bFGF) is also a strong angiogenic inducer, and can induce the migration or growth of endothelial cells, resulting in formation of the capillary tubes [30] . We reported previously that IL-1β and IL-6/sIL-6R enhanced bFGF secretion synergistically in HGFs [11] . Interestingly, the synergistic effects depend on IL-1β-induced gp130 expression in cell membrane of HGFs. Gp130 regulates the signaling pathway of many cytokines such as IL-6, IL-11, ciliary neurotrophic factor, leukemia inhibitory factor, oncostatin M [31] . These cytokines are involved in many biological responses including inflammation, immune responses and cell growth [32] . Therefore, IL-1β-mediated increase of gp130 in HGFs will be attractive target for regulation of inflammation cascades in periodontitis lesions.
Carotenoids and Periodontitis
Carotenoids, as dietary antioxidants, have inhibitory effects on the progression of inflammatory diseases. Carotenoids neutralize the ROS activation that can induce oxidative stress, which results in excessive tissue damages. Carotenoids can protect the damages of tissue cells from unwanted several diseases induced by inflammation such as periodontitis or aging.
The main question of this review was: is there a relationship between carotenoids and periodontitis? I used the MEDLINE-Pubmed databases for search of this review, and the search strategy included the following terms: "carotenoids" (MeSH Terms) OR "carotenoids" (All Fields) AND "periodontitis" (MeSH Terms) OR "periodontitis" (All Fields). The literature was searched up to December 2019. As a result of the search, 42 titles/abstracts were retrieved, and 41 of the selected articles were written in English. Although carotenoids are known as playing an important role in the prevention of inflammatory diseases, the clinical efficacy for periodontitis may be only beginning to be investigated now (Table 1) . Inhibition of salivary IL-1 levels [42] Periodontitis patients, N = 20
Improvement of periodontal healing [43] Periodontitis patients, N = 100
Decrease of periodontal probing depth [44] NHANES, The National Health and Nutrition Examination Survey.
β-Carotene
β-Carotene, one of the main carotenoids, is a vitamin A precursor that has anti-oxidant or anti-cancer effects. In patients with diabetes, higher blood β-carotene levels, associated with green or yellow vegetables intake, confer good effects against insulin resistance [45] . Amengual et al., also reported that β-carotene reduced the adiposity of body, downsize of adipocytes and blood leptin levels using in vivo experiment [46] . Importantly, Ebersole et al., have shown that lower β-carotene levels in blood were found in moderate/severe periodontitis patients [40] .
In general, cellular responses to high glucose in inflamed periodontal tissues are thought to induce the development of diabetic complications [5] . Increased low-grade persistent inflammation mediated by invasion of periodontal bacteria into blood stream is a key factor in the development of diabetic complications. Importantly, we showed that β-carotene suppressed significantly the Pg LPS-induced TNF, IL-6 and MCP-1 production in THP-1 monocytes cultured with high glucose conditions via NF-kB signaling without cell damages [33] . Therefore, β-carotene may be useful to interfere with diabetic complications by targeting intracellular NF-kB. The patients with diabetes might be able to prevent or delay the periodontitis-mediated development of several complications by the appropriate dietary treatment using β-carotene. In addition, it has been reported that dietary intakes of β-carotene were associated with reduced periodontal pocket depth after periodontal treatment in nonsmokers, but not smokers, with chronic periodontitis [41] . Since β-carotene intake may be effective to the impairment of inflammation responses in both local and systemic area, the importance of dietary strategies to optimize healing after periodontal therapy should be discussed in the future.
β-Cryptoxanthin
β-Cryptoxanthin, one of the main carotenoids, is found abundantly in fruit and vegetables such as papaya, paprika, and carrot [47] . β-Cryptoxanthin also exerts various biological activities such as antioxidant functions. Ebersole et al., have reported that lower β-cryptoxanthin levels in blood were found in moderate/severe periodontitis patients [40] . Interestingly, Hirata et al., reported that β-cryptoxanthin suppressed LPS-induced osteoclasts differentiation via PGE 2 inhibition in HGFs and restored the alveolar bone loss in an experimental in vivo periodontitis models [47] . In addition, Matsumoto et al., reported that β-cryptoxanthin suppressed the osteoclast formation mediated by LPS in co-cultures of osteoblasts and bone marrow cells [34] . They have also mentioned that β-cryptoxanthin inhibited the levels of LPS-induced alveolar bone resorption significantly in experimental in vivo periodontitis models. Furthermore, Nishigaki et al., reported that β-cryptoxanthin reduced significantly Pg-induced production of IL-6 and IL-8 in human periodontal ligament cells [35] . A series of these reports support the notion that β-cryptoxanthin is an effective carotenoid for the treatment of periodontitis.
Astaxanthin
Astaxanthin has a variety of biological activities such as antioxidant effects or inhibitory effects against asthma or neuro-inflammation [48] . Recently, Hwang demonstrated that anti-osteoporotic effects of astaxanthin on the bone mass of ovariectomized (OVX) mice [48] . Interestingly, administration of astaxanthin suppressed significantly the increase of serum calcium levels, alkaline phosphatase and tartrate-resistant acid phosphatase (TRAP) activity in the OVX mice. Importantly, the bone mineral density of trabecular bone in both tibia and femur were recovered by astaxanthin. Furthermore, astaxanthin suppressed the osteoclast formation through the regulation of nuclear factor of activated T cells (NFAT) c1. Balci et al., reported previously that astaxanthin administration reduced alveolar bone resorption by enhancing the osteoblastic activity, and decreased osteoclastic activity in experimental ligature-induced periodontitis models [37] . They have also shown that astaxanthin decreased TRAP-positive osteoclasts and increased number of osteoblasts. Since periodontitis occurs alveolar bone loss, astaxanthin may be useful in periodontitis patients with postmenopausal osteoporosis. Taken together, astaxanthin administration may be effective as a new treatment for periodontitis.
Fucoxanthin
Fucoxanthin inhibits RANKL-mediated osteoclastogenesis [38] . Kose et al., reported previously that fucoxanthin resulted in a slight decrease in blood TNF, IL-1β and IL-6 levels using experimental in vivo periodontitis models [38] . Although fucoxanthin is effective to the suppression of periodontitis-mediated systemic responses, they also mentioned that no significant effects were observed in alveolar bone loss levels of rats with or without fucoxanthin treatment. This study showed that fucoxanthin may provide a limited reduction in alveolar bone resorption in periodontitis. Therefore, fucoxanthin may have a limited inhibitory effect in the bone loss seen in periodontitis.
All-trans Retinoic Acid
All-trans retinoic acid is made from vitamin A in the human body [49] . In addition, all-trans retinoic acid regulates the relationship between T-helper 17 cells (Th17) and regulatory Tcells (Treg), resulting in the prevention and treatment of several types of cancer [49] . Furthermore, imbalance of Th17 and Treg plays an important role in the pathophysiology of periodontitis, although the precise mechanisms are still unknown. Importantly, Wang et al., reported that all-trans retinoic acid suppressed alveolar bone resorption throughout the inhibition of inflammatory cell infiltration into periodontal tissues in Pg LPS-induced experimental periodontitis models [39] . Furthermore, they have also shown that all-trans retinoic acid reduced IL-17 levels in the Pg LPS-infected periodontal tissues [39] . Progression of periodontitis may be suppressed by all-trans retinoic acid-mediated Th17/Treg imbalance induced by both activation of Treg cells and inhibiting Th17 cells. A series of results indicate that the all-trans retinoic acid has an important role in immune responses, leading to the prevention of periodontitis.
Lycopene
Lycopene is one of antioxidant carotenoids contained in tomato products mainly [50] . Arora et al., reported that systemic lycopene administration suppressed salivary IL-1 levels, resulting in inhibition of periodontal inflammation [42] . Belludi et al., have also reported that lycopene is an effective carotenoid in patients with periodontitis clinically [43] . Although number of subjects in the clinical study was very limited, significant improvement of periodontal healing was observed after oral prophylaxis in Lycopene-treated group compared with control group. Furthermore, Chandra et al., examined whether there were significant differences between smokers and nonsmokers in the clinical parameters such as periodontal probing depth after lycopene administration [44] . Interestingly, lycopene-treated sites in periodontitis lesions showed significant reductions in the probing depths in both smokers and nonsmokers.
Luteolin
Luteolin, extensively present in many plant species, is one of natural antioxidants [51] . Luteolin has anti-inflammatory, anti-allergic and anti-oxidant effects, and the biological effects could be functionally related to each other. Ohyama et al., reported that interferon gamma induces the histocompatibility leukocyte antigen-DR (HLA-DR) expression on cell membrane of HGFs [52] . HLA-DR cannot present antigens to induce T-cell proliferation in HGFs, but acts as a receptor that activates focal adhesion kinase (FAK) signaling into HGFs, resulting in the secretion of several cytokines [52] . Previously, Yoshizawa et al., showed that luteolin suppressed HLA-DR-Induced IL-6 and MCP-1 production in HGFs via FAK inhibition [36] . Although luteolin is an attractive carotenoid for periodontitis treatment, further investigation will be required to show the efficacy of luteolin on periodontitis.
Conclusions
Carotenoids are involved in the inhibition of reactive oxygen species. A series of findings suggest that carotenoid intake may provide a novel strategy for periodontitis treatment. However, there are no evident target molecules for carotenoids, although almost carotenoids probably have an anti-oxidant activity. Therefore, effective and safe methods of carotenoid use in the clinical therapy of periodontitis should be considered, after further studies to be performed in the future. In addition, combinations of carotenoids might be more effective than single compounds in preventing oxidative tissue damage, and the synergistic effects should be considered more in depth. 
